The inkstone is a specific writing implement in China that was popularized since the Han Dynasty (202 BC-AD 220). A rectangular/round grinding plate accompanied with a grinding stone is considered as a kind of proto-inkstone. However, little scientific investigation has been performed to support this hypothesis. In this paper, a micro-destructive approach, including Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy and gas chromatography coupled with mass spectrometry (GC-MS), were employed to analyse the black residues on a grinding plate and a grinding stone excavated from the Changle Cemetery (202 BC-AD 8) in northwestern China. The FTIR and Raman analyses indicated that the residues were ancient ink. GC-MS analysis further identified that the residues were pinesoot ink, based on the relative abundances of the main polycyclic aromatic hydrocarbons, as well as the detection of conifer biomarkers. The trace of animal glue was not detected in the residues; thus, the ink was possibly formed as small pellets and the small grinding stone was necessary to assist during the ink-grinding process. This study confirms that this set of stone implements is indeed an early type of inkstone, and offers some insight into the co-evolution relationship between ink production and inkstone shapes.
Introduction
The inkstone is used to grind solid ink products with water into liquid ink, which is necessary in Chinese calligraphy and brush painting [1] . The inkstick, ink brush, paper and inkstone are called Four Treasures of the Study and have important cultural values in Chinese history. The inkstone developed from primitive grinding tools since approximately 6000-7000 years ago [2] . A set of stone artefacts, including a grinding plate and a grinding stone, were found in a tomb in Yunmeng County, Hubei Province, dated back to the third century BC, and is regarded as the earliest excavated inkstone due to the associated ink pellets [3] . Ink and inkstone were gradually popularized during the Western Han Dynasty (202 BC-AD 8) with the development of the social economy and culture. There are two important types of Chinese artificial ink, pine-soot ink and oil-soot ink, mainly made from the soot of burnt pine woods and oils respectively [4, 5] . According to historical records, the production of pine-soot ink sprouted in the Qin Dynasty (221-207 BC), matured in the East Han Dynasty (AD 25-220), greatly improved in Wei-Jin period (AD 220-420) and then peaked in the Tang and Song Dynasties (AD 618-1279). Following this, the oil-soot ink surpassed pine-soot ink [5] . However, the manufacturing technology in the early stage is not clear due to the lack of scientific analysis.
The shape of inkstones has varied and changed over time. Additional file 1: Figure S1 shows the development of inkstones since the Western Han Dynasty. A round or rectangular stone plate accompanied with a small grinding stone has been supposed to be in the early development stage of inkstones, which we call as the proto-inkstone. This inkstone was designed in this way, because the contemporary inks were mainly formed in small pellets, which could not be ground directly against Open Access *Correspondence: yiminyang@ucas.ac.cnan inkstone without the help of another smaller grinding stone [5, 6] . These grinding plates with a grinding stone are often found in the Han tombs, as hypothetical proto-inkstones. The current studies on these inkstones are restricted to their forms, textures, classifications and manufacture skills, but their functions are mainly interpreted in terms of their morphology, as well as the characteristics of the associated funeral objects [7, 8] . However, the morphological method is inadequate to determine the usage of these stone artefacts, and sometimes they have also been thought as grain-processing tools [9, 10] . In addition, there are various names for these proto-inkstones in different excavation reports, such as "grinding slab", "grinding plate", "inkslab", "flat inkstone", and sometimes even simply "grinding tools". Visible residues were occasionally found on these inkstones, which would provide direct chemical evidence to support their functional interpretation; however, relevant organic residue analysis has never been reported up to our knowledge.
Some scholars further consider that the prevalence of small ink pellets before the Eastern Han Dynasty probably resulted from the lack of animal glue in ink making process, because glue is the essential component to help holding soot particles together in a large solid form [5, 11] . The ink manufacturing technology had been improved during the Eastern Han Dynasty, and the shape of ink had gradually developed into the large ingot-type, which can be ground directly against an inkstone. Then the small grinding stone was no longer needed [6] , and the mature concave inkstone appeared in the Wei-Jin period [7, 8] . Therefore, it has been assumed that the development of the inkstick promoted that of the inkstone [11] . However, few studies have compared the chemical difference between ink pellets and inksticks to confirm this explanation. On the other hand, several attempts have been made to examine the chemical and physical properties of Chinese ink: Swider et al. [12] . adopted Photon Correlation Spectroscopy (PCS) size measurements and scanning electron microscopy (SEM) to characterize the size and morphology of soot particles; Wei et al. [4, 13] . set up a criterion to differentiate the two main types of Chinese ink (pine-soot and oil-soot ink) using pyrolysis-gas chromatography-mass spectrometry (Py/GCMS), and then studied the ingredients of an Eastern Jin Chinese inkstick (AD 317-420). In addition, research on ink in other cultures has also been reported [14, 15] . However, the sampling method for ancient ink is often destructive and may not be suitable in some cases.
In this paper, the black residues on a grinding plate and grinding stone unearthed in a Han tomb at the Changle Cemetery in Zhongwei (Ningxia, China) were characterised through Fourier transform infrared spectroscopy (FTIR) and Raman spectroscopy, in order to verify whether they were writing inks, as well as indicating the presence/absence of animal glues. It is noteworthy that the black residues on the grinding stone are loose flakes; however, only a thin layer of black residue is attached to the smooth surface of the grinding plate, which is not allowed to run through the frequently-used destructive sampling protocols in order to avoid generating surface scratches. Thus, a micro-destructive sampling approach was designed and then gas chromatography coupled with mass spectrometry (GC-MS) was adopted to distinguish the type of Chinese ink, and to investigate the additives which might be added to the ink samples. These samples provide a rare opportunity to determine the composition of early ink and reveal the function of the excavated stone implements. Furthermore, the co-evolution relationship between inkstone shapes and ink manufacture would be discussed.
Materials and methods

Materials
The Changle Cemetery (37°26′24.8″N, 105°05′43.0″E) is located 2.5 km south of Changle Town, Shapotou District in Zhongwei City, Ningxia Province ( Han tombs and 270 pieces/sets of funeral objects were excavated and a set of stone artefacts, including a grinding stone and a plate (Fig. 1b, c) , was unearthed in Tomb M15. This tomb is a medium-sized rectangular stone grave with a single occupier dated back to the mid-late Western Han Dynasty (140 BC-AD 8). Apart from the grinding plate and grinding stone, an iron sharpener, a wooden coffin, a skull of a lamb, some potteries and Wuzhu-coins were also found in this tomb. According to the structure of the tomb and the features of unearthed objects, the tomb occupier might be an official scribe [16] .
Both grinding stone and grinding plate are made of dark grey sandstone, and, more importantly, there are black residues on the surfaces. The grinding stone (Fig. 1b , coded as 12SCM15:8) is a slightly rough cylinder-shaped platform with a squared base, which is convenient for grinding inks. The grinding plate (Fig. 1c , coded as 12SCM15:9) is a flat rectangle with a smooth black surface and was broken in the middle when excavated. The residues were only found on the grinding surfaces of both the grinding stone and the plate, and they were labelled as sample I and sample II, respectively. Those residues are considered to be writing ink and the stone artefacts are regarded as a set of proto-inkstone. In addition, the tomb M15 does not show any sign of burning, suggesting that the black residue samples were not from the burial environment.
The modern pine soot powder and a modern pine-soot inkstick are also analysed for comparison. The reference materials are all obtained from Hukaiwen Factory in China, which is a modern factory producing soot to make inksticks. The modern pine soot powder is made by burning pine wood, and sometimes stems and leaves of pine trees are also used. The modern pine-soot inkstick is made by the same pine soot, with the addition of animal glue and additives such as borneol (Chinese name Bing pian). In addition, replicas of modern ink samples are made by applying pine soot with water on two glass slides (labelled as PS1 and PS2).
FTIR-ATR analysis
The infrared spectra were recorded using a Nicolet 6700 (Thermo Scientific) FTIR spectrometer with the ATR measuring accessory. Micro samples were removed from the stones via gentle scrapping with a scalpel. Spectra were acquired over the range of 4000-400 cm −1 with a resolution of 4 cm −1 and 32 scans per spectrum. The software OMNIC 8.0 was used to process the data.
Raman spectroscopy analysis
The Raman spectra were acquired with a LabRAM HR 800 instrument (Jobin-Yvon-Horiba), using a 532 nm laser at 2 cm −1 spectral resolution. The spot analysed was focused with a ×50 objective lens. The power used was about 2-3 mW, and the recording time was 30 s.
GC-MS analysis
Although the mixed-solvent was often used for extraction in the published studies; we found that soot particles was difficult to precipitate in mixed solvent, such as chloroform/methanol (2:1 V/V), during the centrifugation. After several experiments, it was found that acetone has better separation effect for soot particles, and Additional file 2: Figure S2 shows the extraction solvent of chloroform/methanol and acetone after centrifugation. A modern inkstick with known components was analysed to examine the extraction ability of acetone.
The loose flakes (sample I) can be easily removed from the grinding stone (12SCM15:8) by a scalpel; however, it may cause surface scratches for the grinding plate (12SCM15:9), and thus washing with solvent might be a less destructive and safe way for extracting sample II. Replicas of modern pine soot (PS1 and PS2) were analysed prior to the archaeological samples in order to evaluate the influence of the different sampling methods. Sample PS1 was collected by a scalpel from the slide, and transferred into a 5 mL Eppendorf tube. Then 3 mL of acetone was added. While sample PS2 was rinsed directly from the slide with acetone. All of the extractions were facilitated by sonication for 3 × 20 min. After centrifugation, the supernatant was transferred to a second Eppendorf tube and evaporated until dryness under a stream of nitrogen. The retained dry residue was then derivatized with 50 μL of N,O-bis (trimethylsilyl) trifluoroacetamide (BSTFA) containing 1% trimethylchlorosilane (TMCS) for 1 h at 70 °C. After cooling to the room temperature, the derivatization reagent was evaporated, and the resulting trimethylsilyl derivatives were re-dissolved in 1 mL of hexane.
GC-MS analysis was performed with a 7890A gas chromatography coupled with a 5975C quadrupole mass spectrometer (Agilent Technologies). Chromatographic separation was performed on an HP-5MS fused silica capillary column (30 m × 0.25 mm × 0.25 μm), which was operated using a temperature programme as follows: the initial temperature was set at 60 °C for 2 min and was then increased by 10 °C/min up to 150 °C, 2 min isothermal, 3 °C/min up to 290 °C and held isothermal at 290 °C for 10 min. Helium was used as the carrier gas at a constant flow rate of 1.0 mL min −1
. The injection volume was 1 μL, and the splitless mode was applied. The sample was ionized by electron ionization (70 eV), the MS ion source temperature was 230 °C, the interface temperature was 280 °C, and the MS quadrupole temperature was 150 °C. The total ion current chromatograms of PS1 and PS2 showed similar results, indicating that the sampling method by rinsing have the same extraction efficiency with the destructive sampling method, and the effect of different sampling techniques can be neglected in this study. Detailed information is provided in Additional file 3: Figure S3 and Additional file 4: Figure S4 . Apart from various polycyclic aromatic hydrocarbons, borneol, which is a common additive used in Chinese ink, was also detected in the modern inkstick (Additional file 5: Figure  S5 ). The results further proved that extracting by acetone rinsing can provide the overall information about the relevant organic substances in ink samples. Therefore, the ancient residues on the grinding stone and the grinding plate were sampled by scraping and rinsing respectively, and the extracts were analysed in the same way as the modern samples. Blank sample and the back side of the grinding plate (12SCM15:9) which was sampled by rising were also analysed to check laboratory and environmental contamination.
Results and discussion
The identification of ink and inkstone FTIR results (Fig. 2) revealed that the archaeological samples and pine soot all show the transmission band at approximately 1580 cm −1 , which is assigned to aryl-H group in aromatic six-rings, indicating that PAHs are the prominent organic components in the black residues [17] . The band around 1419 cm −1 could be attributed to the C-H deformation of CH 2 or CH 3 groups or to the OH deformation and C-O stretching of phenolic groups [18, 19] . The band near 1100-1000 cm −1 in the archaeological samples is the Si-O-Si asymmetric stretching region of silica, which may have originated from soil [17] . In addition, transmission bands around 2900 cm −1 ascribing to C-H stretching, are commonly existed in organic materials and are not characteristic. More importantly, the modern inkstick, which is mainly made by pine soot and animal glue, shows the presence of protein with the characteristic signals of the amide group (-N(H)-C=O-) at 1650, 1540 and 1450 cm −1 [20] . Animal glue has been commonly used as the binding media in Chinese ink. However, the transmission bands of glue are not present in the archaeological samples and modern pine soot, suggesting that very little or no binder was used in the ink residues.
The Raman spectra of both archaeological samples and reference materials showed two peaks at around 1596 and 1360 cm −1 (Fig. 3) , which are characteristic of black carbon [21, 22] . This result also indicated that the black residues were mainly soot condensates, and further confirmed that this set of stone artefacts was a protoinkstone used for grinding ink during the Western Han Dynasty. The peak at 458 cm −1 in sample II is ascribed to silica, and the slight differences of Raman results between two ancient samples was probably due to the non-uniform surface of the stones.
As mentioned, proto-inkstones in the Western Han Dynasty were distinct from the later mature inkstones in morphology. They often consisted of two parts: a grinding plate and a small grinding stone (with ink pellets ground between them). In fact, the Chinese character for inkstone first appeared in ancient literatures shuowen and shiming written in the Eastern Han Dynasty and was never used before. The wide use of proto-inkstone in the Han Dynasty might stimulate the invention of the Chinese character for inkstone.
The raw material of ink
Based on the micro-destructive analysis procedure, the total ion current chromatograms of the archaeological residues are presented in Fig. 4 and the peak assignments and compound information are listed in Table 1 [1, 2, 3-cd] pyrene, which demonstrated that the residues were derived from combustion. In addition, β-sitosterol suggested a vegetal origin. However, the fatty acids detected in the residue samples could be emitted through various biomass burning experiments and are not source-specific [23] . Those compounds were not detected either in the blank sample or the back side of the grinding plate (12SCM15:9), which could exclude the contamination.
Previous studies showed that the major difference between pine-soot and oil-soot is the relative abundance Fig. 2 FTIR spectra of the archaeological residues, the modern pine soot, and the modern inkstick Fig. 3 Raman spectra of the archaeological residues, the modern pine soot, and the modern inkstick Table 1 ; black dots refer to plasticizers absorbed by samples stored in plastic bags and other contaminants which may have been introduced during the extraction or analytical procedures in comparison with blank sample of the main PAHs, especially the relative amount of S5 (m/z 252), which is above 20% in pine-soot and less than 17% in oil-soot [4, 13] . Accordingly, GC-MS in the selected ion mode (SIM) was also carried out to examine the relative abundances of the main PAHs in the archaeological residues. The relative percentages of the main PAHs were calculated based on the peak area, which were calculated and normalized automatically ( Fig. 5 and Additional file 6: Table S1 ). The relative contents of S5 in sample I and sample II were 36.58% and 54.56%, respectively, which are both above 20%, suggesting that they were made by pinesoot rather than oil-soot. Similar results were also found in the modern samples (Additional file 6: Table S1 ).
For sample II, more direct evidence was found with the detection of retene, pimaric acid (PMA) and dehydroabietic acid (DHA) (Fig. 4b and Table 1 ). Retene is a tricyclic PAH derived from abietane diterpenics structure and was proposed as a tracer for conifer combustion [24] ; dehydroabietic acid is a common oxidative breakdown product of abietane diterpenoids [25] . The diterpenoid components of abietane and pimarane skeletal types are characteristic of conifers [25, 26] . These results further confirm the PAHs findings. However, these marker compounds were not detected in sample I and modern samples, which is probably due to different methods of making pine-soot [13] .
The significance of funerary inkstones
Inkstones were widely used in daily life and often buried with their owners during the Han Dynasty as a part of the prevailing funeral ceremony. They were usually buried alongside some other practical writing implements, such as inksticks, writing brushes, sharpeners, bamboo slips, etc. Archaeological materials also show that most of the owners tend to be males and belong to the upper and middle classes of their contemporary societies [8] . In this study, an iron sharpener was also found in the tomb, and the owner was deduced as an official scribe [16] . The slight differences Table 1 Peak assignments related to the chromatograms in Fig. 4 and the in the organic compounds between the residues on the grinding plate and the grinding stone in the present study indicated that they might not come from the same set in use. However, they were buried together as a set, which should be used to reflect the characteristic of inkstone shapes and burial custom in the Western Han Dynasty.
The co-evolution between ink manufacture and inkstone shapes
The absence of additives and binding media in the archaeological samples could be attributed to the less developed technique of ink manufacturing in the early times. Specially, very little or no binding media was added in ancient ink residues, which might explain why the inks were produced as small and irregular pellets during the Western Han Dynasty. For the ink pellets, it is necessary to use a small grinding stone to press them when grinding against a plate. With the addition of animal glue, the hardness of the inkstick would greatly increase. Such inkstick can be readily used for grinding; then, the small grinding stone would not be necessary. Since the Wei-Jin period, the mature concave inkstone, with the specific function of grinding and containing ink, became the main type of inkstone and is still used until today [8, 11] . Animal glue was also found in one ingot-type inkstick of the Eastern Jin period (317-420 AD) [13] . Taken together, these findings are likely to support the assumption that the morphological evolution of inkstones was closely related to the ingredients and manufacturing techniques of artificial inks from the Western Han Dynasty to the Wei-Jin period (Additional file 1: Figure S1 ). However, more research should be carried out to better understand their correlation. 
